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BK channels
Large conductance Ca 2+ -activated K + channels (BK channels, Box 1) have a large unitary conductance of 100-300 pS and activate in response to membrane depolarization and binding of intracellular Ca 2+ and Mg 2+ [1] [2] [3] [4] . The channel is formed by four pore-forming subunits that are encoded by a single Slo1 gene [5] [6] [7] . BK channels achieve functional diversity primarily through alternative splicing of the Slo1 mRNA and modulation by accessory b subunits [8] [9] [10] . There are four types of b subunits (b1-4); each type displays a distinct tissue-specific expression pattern and uniquely modifies gating properties of the channel [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . b4 subunits are most exclusively expressed in the brain [12] [13] [14] [15] . b2 and b3 subunits are also neuronally expressed, whereas the b1 subunit primarily distributes in smooth muscle cells [12] [13] [14] [15] .
In neurons such as those in hippocampus and cerebellum, the Slo1 subunit shows a specific distribution to the axons and presynaptic terminals [23] [24] [25] , and BK channels are usually found in close proximity with voltage-gated Ca 2+ channels [26] [27] [28] [29] [30] [31] . During an action potential, membrane depolarization and Ca 2+ entry through Ca 2+ channels activate BK channels, which help to terminate the action potential, produce fast afterhyperpolarization and shut Ca 2+ channels [11, 32, 33] . Through this negative feedback mechanism, BK channels regulate membrane excitability and intracellular Ca 2+ signaling. Consequently, BK channels play an important role in controlling neurotransmitter release [34] [35] [36] [37] [38] , fast afterhyperpolarization and are involved in spike frequency adaptation [39] [40] [41] [42] .
What are the structural domains of BK channels that are involved in sensing voltage, Ca 2+ and Mg 2+ ions? Furthermore, what are the mechanisms by which these domains open the channel gate to allow the efflux of K + ions? These questions are key to understanding the physiological functions of BK channels. Recent functional studies, homology models, the electron cryomicroscopy (cryo-EM) and X-ray crystallographic structures of BK channels are enabling new insights into the biophysical underpinnings of BK channel gating. These latest findings will be discussed in this review, along with additional questions that emerge regarding the exact details of the structural domains that are important for BK channel gating as well as in neuronal physiology and pathophysiology.
Structural and functional domains of BK channels
The Slo1 subunit contains three main structural domains (Figure 1) , with each domain serving a distinct function: the voltage sensing domain (VSD) senses membrane potential, the cytosolic domain senses Ca 2+ ions and the pore gate domain (PGD) opens and closes to control K + permeation. The activation gate, which changes conformation during channel activation from restricting K + flux to permeating K + flux, resides in the PGD that can be located at either the cytosolic side of S6 [43] or the selectivity filter [43] [44] [45] [46] . The VSD and PGD are collectively called the membrane-spanning domains and are formed by transmembrane segments S1-S4 and S5-S6, respectively [47], similar to voltage-gated K + channels. The S4 helix contains a series of positively charged residues and serves as the primary voltage sensor, which moves toward the extracellular side in response to membrane depolarization [5] [6] [7] . However, in BK channels only one of the charged residues in S4 (Arg213) has been shown to contribute to voltage sensing [48] . Also unique to BK channels is an additional S0 segment, which is required for b subunit modulation [17, 49] and can function in modulating voltage sensitivity [50] . The cytosolic domain comprises two RCK (regulator of K + conductance) domains, RCK1 and RCK2 [51] (Figure 1 ). These domains contain two putative high affinity Ca 2+ binding sites: one in the RCK1 domain at position Asp362/Asp367 (this numbering scheme is based on the mbr5 sequence of mouse a subunit) [52, 53] and the other in a region termed the Ca 2+ bowl that contains a series of Asp residues [54, 55] , located in the RCK2 domain [51] . The Mg 2+ binding site is at the interface between the VSD (Asp99 and Asn172) and cytosolic domain (Glu374 and Glu399) [52, 53, 56] (Figure 2b ). In addition, other signaling 
